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The Oxidized Subunit B8 from Human Complex I
Adopts a Thioredoxin Fold
2003), the bacterial enzyme consists of only 14 (Yagi et
al., 1998), all of which have homologs in the mitochon-
drial complex. It is widely assumed that the homologs
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Ronald Ku¨hne,1 and Hartmut Oschkinat1,2,* of the bacterial subunits also form the minimal functional
complex of higher organisms (Fearnley and Walker,1Forschungsinstitut fu¨r Molekulare Pharmakologie
D-13125 Berlin 1992), which account also for all known iron-sulfur clus-
ter binding sites (Friedrich et al., 2000). Recently, it wasGermany
2 Fachbereich Biologie, Chemie und Pharmazie shown that the Neurospora crassa complex contains
subunits that are exclusive to fungi (Abdrakhmanova etFreie Universita¨t
D-14195 Berlin al. 2004).
Seven of the 14 conserved subunits are integral mem-Germany
3 Deutsches Ressourcenzentrum fu¨r brane proteins. These are encoded in mitochondrial ge-
nome, while all other subunits are encoded in the nu-Genomforschung
D-65120 Heidelberg cleus. A clear picture about the role of the so-called
supernumerary (also sometimes called “accessory”)Germany
subunits is only about to emerge. The supernumerary
MWFE subunit was shown to be required for complex
I activity in mammals (Au et al., 1999). Recent findingsSummary
suggest that it plays a role in complex I assembly (Ya-
dava et al., 2004).Subunit B8 from ubiquinone oxidoreductase (complex
The tight linkage of complex I to the production ofI) (CI-B8) is one of several nuclear-encoded supernu-
so-called reactive oxygen species (ROS) and thus tomerary subunits that are not present in bacterial com-
possible cell damage connects it to a number of dis-plex I. Its solution structure shows a thioredoxin fold
eases. Mutations in complex I proteins and the above-with highest similarities to the human thioredoxin mu-
mentioned generation of ROS are assumed to be attant C73S and thioredoxin 2 from Anabeana sp. Inter-
least in part responsible for Leigh’s (Benit et al., 2004),estingly, these proteins contain active sites in the
Parkinson’s (Turrens, 2003), and Alzheimer’s (Kim et al.,same area, where the disulfide bond of oxidized CI-
2002) diseases. ROS are formed if the electron transportB8 is located. The redox potential of this disulfide bond
chain is blocked or if the NAD(P) pool is almost com-is 251.6 mV, comparing well to that of disulfides in
pletely reduced (Kushnareva et al., 2002). Even de-other thioredoxin-like proteins. Analysis of the struc-
creased ADP levels in resting cells lead to a higher pro-ture reveals a surface area that is exclusively com-
duction of ROS. All this demands a regulation of complexposed of highly conserved residues and thus most
I, for example by mild uncoupling (Starkov, 1997). In thislikely a subunit interaction site within complex I.
context, it was found that the activity of the complex is
at least partially modulated by thiol reactants interacting
Introduction with thiol groups in complex I subunits (Taylor et al.,
2003), increasing its superoxide production.
NADH ubiquinone oxidoreductase (complex I) is the first Although the structures for the other respiratory chain
complex of the mitochondrial electron transport chain. complexes II and III are known from X-ray crystallogra-
It is one of the most complicated biological machineries, phy (Yankovskaya et al., 2003; Xia et al., 1997), there
with a large number of subunits and cofactors. Its basic are only cryoelectronmicroscopic studies of bovine
function is the transfer of two electrons from NADH to complex I at low resolution (Grigorieff, 1998; Sazanov
ubiquinone, resulting in proton translocation across the and Walker, 2000), showing an L-shaped organization,
membrane (Vinogradov, 2001; Yano, 2002). Although it with one arm buried in the inner mitochondrial mem-
is common to most life forms, there are large differences brane and the other protruding into the matrix. It is gen-
between bacterial and mitochondrial complex I. erally believed that the matrix part consists mainly of
Shortly after its first isolation (Hatefi et al., 1961), it the redox-active subunits and the 51 kDa subunit har-
was shown that mitochondrial complex I can be decom- boring the FMN binding site (Fecke et al., 1994). Recent
posed into several fragments that partially retain some studies have shown that the Escherichia coli complex
activity (Hatefi and Stempel, 1969). These can be further is capable of switching between two conformational
resolved into individual subunits, most of which were states (Friedrich and Bo¨ttcher, 2004) depending on ionic
sequenced in the last years (Anderson et al., 1982; strength. Structure determination of complex I by X-ray
Fearnley and Walker, 1992; Hirst et al., 2003). Similar crystallography has so far been hindered by its size and
studies on bacterial systems revealed significant differ- the homogeneity problems caused by its large number
ences in subunit composition between the mitochon- of subunits. Until now, the lack of high-resolution struc-
drial complex and that of bacteria. While there are 46 tural information, both of atomic coordinates for individ-
subunits reported for the bovine complex (Carroll et al., ual subunits as well as of tertiary contacts between
subunits, has hindered the elucidation of the exact
mechanism of electron transport.*Correspondence: oschkinat@fmp-berlin.de
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Subunit B8 is one of the most conserved ones, with
94% identity among mammals and 40% identity among
all instances of occurrence (Figure 1). Interestingly, there
are two other homologous proteins of about 100 amino
acids in size, namely the mitochondrial ribosomal pro-
tein L51 and the mitochondrial 28S ribosomal protein
S25. These proteins form together the L51-S25-CIB8
domain family (Figure 1) in the Pfam database (Bateman
et al., 2002). Besides their common sequence features,
they seem all to be involved in large protein complexes.
In this work, we report the NMR solution structure of
the oxidized subunit B8 from human complex I. It shows
a four-stranded mixed  sheet with three  helices pack-
ing to one side. The overall structure is very similar to
that of thioredoxins. The redox potential of the CI-B8
disulfide bond is comparable to those of other thiore-
doxin-like proteins. The structure was obtained as part
of our structural genomics efforts and is meant as a




The subunit B8 of human complex I was expressed in
E. coli by standard protocols. The protein was obtained
in oxidized form with a disulfide bridge connecting C24
and C58, as proven by trypsin digestion and mass spec-
trometry. All spectra were recorded under oxidizing con-
ditions with a sample containing 0.81 mM fully 13C,
15N-labeled CI-B8 in 20 mM KPi at pH 6.0.
An assignment of the protein hydrogen, nitrogen, and
carbon resonances was obtained using standard triple-
resonance NMR experiments. The assignment did not
include residues R26, C58, and S59, of which not even
HN-N signals were found. The resonance assignment for
residues flanking this region remained incomplete due
to low or vanishing crosspeak intensities.
NOE assignments were initially obtained by the use
of CANDID/CYANA (Herrmann et al., 2002). These were
then manually inspected and iteratively refined using
the CNS package. The ensemble of the 19 lowest energy
structures was then submitted to a refinement in water
using XPLOR-NIH with the parallhdg5.3 force field (Linge
et al., 2003). Final structure calculations and refinement
based on 1166 interresidue restraints led to a well-defined
structural ensemble (Table 1).
Figure 1. Alignment of Complex I B8 Subunits from Different
Species
The alignment in the left panel shows all sequence homologs to CI-
B8 from different species containing the motif PxxPILIRE. Although
not all of them are annotated in the protein databases, these se-
quences can be assumed to be the B8 subunits from the respective
organisms. The center panel shows selected members of the L51
domain family, and the right panel shows selected members from
the S25 family. The numbering refers to human CI-B8. Accession
numbers for the upper panel are (from left) O43678, Q02370,
Q9CQ75, XP_214570, CAE71812, Q9XGW2, Q9VR00, Q7QKY1,
ATHAL_NI8M, Q7XNR0, AAQ63699, EAA60556, NI8M_NEUCR,
EAA47426.1, and EAA71427.
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Table 1. Statistical Analysis of the Ensemble of Structures after Refinement in Water
Restraints Quality of the Ensemble
NOEs Rmsd (for residues 16–22, 30–56, 63–98) (from MOLMOL)
Used for calculations 1166 Backbone atoms 0.43 A˚ 0.06A˚
Long range 378 Side chain heavy atoms 0.92 A˚ 0.07A˚
Medium range 271 Deviations from idealized geometry: (from XPLOR-NIH)
Sequential 517 Bonds 0.01569495 0.00039258
Other Angles 1.97555000 0.04511389
H bonds (from NOE pattern) 37 Impropers 2.31665000 0.09577773
Dihedrals (from TALOS) 108 Violations
Distances 0.5 A˚ 0
Dihedrals 5 0
Ramachandran plot (from Procheck NMR)
Most favored regions 76.08%
Additionally allowed regions 20.41%
Generously allowed regions 2.74%
Forbidden regions 0.82%
Description of the Structure the protein contains almost all conserved residues, the
degree of conservation is much lower on the other sideThe structure shows a four-stranded mixed parallel/anti-
parallel  sheet with three  helices packed against one of the protein (Figure 4B). The motif PILIRE, P52–E57,
is in the center of the most conserved area on the surfaceside (Figure 2A). The ensemble of 19 final structures
(Figure 2B) shows an average rmsd to the mean struc- and the most conserved feature in all B8 subunits (Figure
1). It forms a large and shallow hydrophobic patch to-ture of 0.43 A˚ for the backbone atoms and 0.92 A˚ for
the side chain heavy atoms in the ordered regions (Table gether with I37, F41, and V42 from 1 and 2 (Figure
4D). Around this central motif, a set of very polar residues1). The helices are composed of residues Q31–K39 (1),
Y41–A47 (2), and A84–G97 (3), and the strands range is found, namely R34, Q25, E57, R56, R20, and R68
(Figure 4C). This dominantly positive charge pattern isfrom E18 to H22 (2), I53 to K56 (1), K64 to R68 (3),
and E74 to V77 (4). The hydrophobic core of the protein highly conserved for all known CI-B8 subunits (Figures
1 and 4A). Worthy of note, analysis of the hydrophobicis formed by residues L16, I19, I21, V33, F36, L44, L51,
I53, L65, A67, L79, V87, L91, and L95. They are strongly surface potential revealed another hydrophobic cleft
near F82 that is located in the less conserved surfaceconserved throughout all proteins of this domain family
(Figure 1). The kink between 1 and 2 was verified by region (Figure 4B).
careful analysis of the 3D-NOESY spectra. While the H
of residues Q31–F36 show the expected Hi to Hi3 Structural Homology to Other ProteinsNOE crosspeaks, a crosspeak for I37-C to Y41-H was
The DALI search showed CI-B8 to be similar to a widefound. The H of E38 and R39 are not involved in con-
class of thioredoxin-related proteins such as thioredox-tacts to Hi3. For residues Y40–K45, the H to Hi3 ins, thioredoxin reductases, and Fe2S2 ferredoxins (Tablepattern can be found. Furthermore, TALOS-predicted
2). The highest Z scores were obtained for a humanbackbone dihedral angles and chemical shift deviations
C73S thioredoxin mutant (5.7) and thioredoxin 2 fromfrom random coil values do not support an -helical
Anabeana sp (5.6) (Table 2). Furthermore, a thioredoxin-structure in the region K39–Y41.
like Fe2S2-ferredoxin from Aquifex aeolicus (PDB: 1F37The regions L23–G29 and E57–Q62 show larger devia-
[Yeh et al., 2002]) showed a Z score of 4.9. Interestingly,tions from the mean structure due to a severe lack of
all found thioredoxin-related proteins contain activeNOE signals involving these residues. Similarly, the
sites in regions which superimpose with the loops 23–29amino acids in the region M1–L14 are not involved in
and 57–62 in CI-B8.any interresidue NOE contacts that contain structural
The comparison to thioredoxins, e.g., from Anabaenainformation (Figure 3A). Since their signals also show
sp (PDB: 1THX [Saarinen et al., 1995]), shows that theirmuch lower T1/T2 ratios than those signals from the or- first strand of the  sheet, 1, and 3 are not presentdered regions of the protein (Figure 3B), these residues
in CI-B8 (Figure 5A), but the disulfide bridge of CI-B8 iswere omitted from the structure calculations. Those resi-
located in roughly the same area as the one in thiore-dues in regions L23–G29 and E57–Q62 of which HN–N
doxin. However, in CI-B8 it connects two different loops,crosspeaks were observed, however, do not show sig-
which is in contrast to the well known CxxC-motif ofnificantly different dynamics than the ordered part of
thioredoxins.the protein, as indicated by the T1/T2 ratios. We assume The comparison with the ferredoxin from A. aeolicusthat the lack of signal here is rather due to exchange
(Figure 5B) does not only show considerable similarity inbroadening than to internal disorder.
topology, but its active center comprising four cysteines
ligating the Fe2S2 cluster is located in exactly the same
area as the disulfide bridge in CI-B8. Two of the cyste-Surface Properties
Mapping the degree of conservation onto the surface of ines match positions with C24 and C58, as they are
located at the end of 1 and 2.human CI-B8 reveals that the highly conserved residues
cluster all in one area (Figure 4A). While one face of Searches for active site-patterns using the program
Structure
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Figure 2. Structural Ensemble of the 19 Lowest Energy Structures
(A) Ribbon representation of the structure closest to the mean structure of the ensemble. The position of the disulfide bridge in the oxidized
form is given in yellow. The helices are composed of residues Q31–K39 (1), Y41–A47 (2), and A84–G97 (3), and the strands range from
E18 to H22 (1-2), I53 to K56 (1-1), K64 to R68 (1-3), and E74 to V77 (1-4).
(B) Ensemble of 19 structures selected according to lowest energy before the final refinement in water showing heavy-atom positions for the
backbone atoms and those of hydrophobic side chains. The position of the disulfide bond is given in red, while the motif PILI is highlighted
in blue.
PINTS against a database of active sites (3A) (Stark and Redox Potential of the Disulfide Bond
Since CI-B8 shows some similarities to thioredoxins andRussell, 2003) yielded fragments of a variety of binding
sites of, for example, alcohol dehydrogenases or NiFe since the mammalian homologs may form a disulfide
bridge in a similar position, we determined the redoxhydrogenases (data not shown). However, these results
are highly dependent on the conformation of the regions potential of oxidized CI-B8 to see if it fits into the range
covered by active site disulfides in thioredoxin-relatedL23–G29 and E57–Q62, for which we do not know the
exact structure. The majority of the found active sites proteins. Keq was determined measuring the drop in Trp
fluorescence upon reduction (Mossner et al., 1998) at acover the two cysteines C24 and C58.
NMR Structure of Subunit B8 from Human Complex I
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Figure 3. Relaxation Rate Measurements
and Amount of Interresidue NOEs per
Residue
(A) This panel shows the distribution of NOE-
based interresidue restraints on the se-
quence of CI-B8.
(B) This panel shows the 15N-T1/T2 ratios for
each amino acid.
range of ratios of [GSH]2/[GSSG] and at pH 6.0 (Figure meric (data not shown). The hydrophobic patch (Figure
4D) may thus be an interaction site within complex I.6). From a Keq of 2.49 M ( 0.11 M), a redox potential
of 251.6 mV ( 0.6 mV) at pH 7.0 was calculated.
This compares very well to a variety of potentials for
thioredoxin-related proteins that range from 147 to Discussion
270 mV (Mossner et al., 1998).
The structure of the human complex I subunit B8 adopts
a thioredoxin fold with strongest similarities to the hu-Analytical Ultrancentrifugation
There is the possibility that human CI-B8 forms dimers man thioredoxin mutant C73S and thioredoxin 2 from
Anabeana sp. Here, the structure of the oxidized formanalogous to the fold-homolog ferredoxin from A. aeoli-
cus (PDB: 1F37 [Yeh et al., 2002]). Therefore, we tested was determined. The oxidized state might be an artifact
from overexpression or purification of the protein. Thisthe human CI-B8 construct for oligomerization by ana-
lytical ultracentrifugation. In a sedimentation velocity structure, however, remains the same upon reduction
of the protein. This is evident from only minor changes inexperiment, CI-B8 proved to be predominantly mono-
Figure 4. Surface Properties and Conserva-
tion Profile of CI-B8
(A) Amount of conservation (through the
alignment in Figure 1) for the respective resi-
due by its Blossum30 score in the alignment.
Gray areas are formed by residues with
scores lower than 3.0, yellow areas by scores
between 3.0 and 6.5, while orange areas indi-
cate scores between 6.5 and 9.0. Residues
with scores higher than 9.0 are indicated by
red areas.
(B) Same coloring as in (A), but the protein is
turned by 180 around the vertical axis.
(C) Distribution of charges on the same sur-
face as in (A). Red areas indicate negative
charges, and blue regions indicate positive
charges.
(D) Hydrophobicity of the surface of CI-B8 as
shown in (A). Hydrophobic patches are col-




Table 2. Results from a DALI Search with the Structure Closest to the Mean of the Ensemble
PDB Z % IDE Protein
1erv 5.7 12 thioredoxin mutant (Homo sapiens)
1thx 5.6 9 thioredoxin (thioredoxin 2) (Anabaena sp.)
1b9y-C 5.4 13 transducin fragment (gt beta) fragment (gt g) (Bos taurus)
1f37-A 4.9 12 ferredoxin [2fe-2s] (Aquifex aeolicus)
1qgv-A 4.5 4 spliceosomal protein u5-15kd fragment (Homo sapiens)
1a8y 4.2 8 calsequestrin (Oryctolagus cuniculus)
1gp1-A 4 10 glutathione peroxidase (Bos taurus)
1hyu-A 3.7 12 alkyl hydroperoxide reductase subunit f (ahpf) (Salmonella typhimurium)
1h75-A 3.6 11 glutaredoxin-like protein nrdh (Escherichia coli)
1g7e-A 3.6 11 endoplasmic reticulum protein erp29 fragment (Rattus norvegicus)
1qmh-A 3.5 8 RNA 3-terminal phosphate cyclase (Escherichia coli)
1nhy-A 3.4 7 elongation factor 1-gamma 1 fragment (Saccharomyces cerevisiae)
1eej-A 3.4 9 thiol:disulfide interchange protein (Escherichia coli)
1jfu-A 3.3 9 thiol:disulfide interchange protein tlpa fragment (Bradyrhizobium japonicum)
1g7o-A 3.3 12 glutaredoxin 2 (grx2) (Escherichia coli)
1psq-A 3.2 7 probable thiol peroxidase (Streptococcus pneumoniae)
1kte 3.2 8 thioltransferase (Sus scrofa)
1hd2-A 3.2 6 peroxiredoxin 5 residues 54–214 (Homo sapiens)
1gwc-A 3.2 12 glutathione s-transferase tsi-1 (tagstu4-4 glutathione) (Triticum tauschii l.)
1bjx 3.2 11 protein disulfide isomerase fragment (Homo sapiens)
Figure 5. Structural Comparison to Thioredoxin and the Bacterial Ferredoxin from Aquifex Aeolicus
(A) The C trace of CI-B8 (gray) and the trace of the Anabaena sp. thioredoxin (PDB: 1THX) (green). Positions of the disulfide bridges are
given for CI-B8 in black and for thioredoxin in blue. The fit was achieved by a superposition of the C of residues 17–31, 33–36, 41–49, 50–58,
59–78, 80–87, and 89–97 of CI-B8 onto the ones of residues 22–36, 38–41, 42–50, 52–60, 72–91, 92–99, and 100–108 in thioredoxin, respectively.
(B) Superposition of CI-B8 (gray) and the A. aeolicus ferredoxin (PDB: 1F37) (blue). The positions of the cysteine residues are indicated in
black for CI-B8 and in red for the ferredoxin. The fit resulted from a superposition of the C of residues 15–26, 33–38, 40–51, 63–68, 74–80,
82–94, and 95–98 of CI-B8 onto the ones of residues 1–12, 27–32, 33–44, 64–69, 70–76, 77–89, and 91–94 in the ferredoxin, respectively.
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is conserved in most higher organisms (Figure 1), they
may form a binding site for divalent ions. Such sites can
be found, for example, in Sco1, which binds Cu2 (Balatri
et al., 2003), or alcohol dehydrogenases, which bind
Zn2 (Li et al., 1994). In both, the metal ion is ligated
between the two cysteines and the histidine in an almost
trigonal geometry. In alcohol dehydrogenases (PDB:
1ADF), a fourth position is occupied by a water molecule.
Since we do not know the exact structure of this region
in CI-B8, and because H22 is sufficiently close to the
cysteines, a metal ion binding site cannot be excluded.
A ferredoxin-like Fe2S2 cluster ligation in CI-B8 is not
likely. In contrast to ferredoxins, CI-B8 contains only
two cysteines, which are not sufficient to accommodate
a Fe2S2 cluster. Although some thioredoxin-related Fe2S2
ferredoxins with a Cys3Ser ligation of their cluster are
known (Yeh et al., 2002), there are so far no proteinsFigure 6. Determination of the Redox Potential
with a Cys2Ser2-type ligation of a Fe2S2 cluster. In CI-The ratio of oxidized protein was derived from tryptophane fluores-
cence of CI-B8 determined at various ratios of [GSH]2 to [GSSG]. B8, however, only S27 and S59 would be able to adopt
An average from three measurements is plotted as black squares. a geometry sufficient for FeS cluster ligation together
The fit to the modified model from Mossner et al. (1998) is given as with C24 and C58. These serines are both conserved in
a line.
mammals and plants, but not in insects or fungi.
Conclusionthe 15N-HSQC spectra (data not shown) observed upon
Subunit B8 is among the most conserved complex Ireduction by DTT.
proteins in mammals (94%) (Hirst et al., 2003) and thus
is likely to play an important role in the function of thePutative Interaction Site
complex. Its structure shows a thioredoxin-related foldAs a part of a large complex composed of a multitude
with residues that could potentially contribute to itsof proteins, an individual subunit is very likely to contain
function. One possibility is the involvement of the disul-at least one protein-protein interaction site. Even without
fide bridge in redox processes, since the in vitro redoxknowledge of the interaction partners of CI-B8 within
potential of CI-B8 (251.6 mV) lies within the 370 tothe complex, it is possible to predict such sites based
220 mV range covered by FMN and the FeS clusterson clusters of conserved residues on the surface (Lich-
known in complex I (Friedrich et al., 2000). The cysteinestarge et al., 1996). We therefore propose that the surface
may alternatively contribute to metal ion binding or, leastpatch formed by the PILIRE motif, together with the
likely, to a FeS cluster ligation site. From this and thestrongly conserved charged residues (Figure 4A), is one
structural similarity to other proteins, we speculate thatof the protein-protein interaction sites of CI-B8. We can-
CI-B8 is either involved in regulating complex I activitynot exclude that there are other additional interaction
or its assembly via assistance in redox processes.sites, since the high level of conservation in B8 subunits
prevents further analysis based on similarity.
Experimental Procedures
Structure-to-Function Considerations Cloning and Expression
A Gateway entry clone (Invitrogen) of the human full-length ORFsThe structural homology to thioredoxin-related proteins
was generated. It was then shuttled into pDEST17 (ampicillin). Therevealed two cysteines (C24 and C58) in the same area
resulting expression vector was transformed into E. coli BL21 (DE3)of CI-B8 as in both thioredoxins and ferredoxins (Figure
star with helper plasmid pSE111. Large-scale expression of the
5). However, a function based on both cysteines would protein was done on M9 minimal medium with 0.5 g/l 15N NH4Cl for
be limited to mammals, insects, and plants, as C58 is the 15N-labeled and with 15N and 2 g/l 13C glucose for the 15N/13C-
not conserved in nematodes or fungi (Figure 1). One labeled sample. Expression was carried out at 25C for 4 hr with
1 mM IPTG as inductor. The first purification step was a MC-chroma-possibility is that the disulfide bridge forming capability
tography on a MC-Poros column (Applied Biosystems). As the in-of these cysteines is of functional relevance. The redox
serts of pDEST17 are expressed as HIS-tagged proteins (MSYpotential of 251.6 mV of CI-B8 fits remarkably well
YHHHHHH LESTSLYKKA G–GOI) without a specific protease cleav-
into the range covered by catalytically active disulfide age site, the tag was digested by the Tagzyme (Qiagen) according
bridges in thioredoxins or thioredoxin reductases. Thus the recommendations of the supplier to minimize the number of
it is possible that both cysteines play a role in redox amino acids for subsequent NMR structure analysis. After tag re-
moval, the sample was applied to a Superdex 75 gel filtration columnprocesses. In contrast to all thioredoxin-like proteins,
(Amersham), and fractions with the protein of interest were pooled,though, the topology of the disulfide bridge is different.
concentrated, and rebuffered in 20 mM phosphate buffer at pH 6.0Furthermore, while the cysteines of the active disulfide
with 50 mM NaCl and 0.02% azide.
bridge in thioredoxins are located in the same loop that
forms the well-known CxxC-motif, the disulfide bridge
NMR Spectroscopy/Structure Calculation
in CI-B8 connects two different loops. NMR spectra were acquired at 27C on Bruker DRX600 and DMX750
However, ligation of metal ions by the two cysteines spectrometers in standard configuration. All experiments were per-
formed on a uniformly 15N- and 13C-labeled sample containing 0.81in CI-B8 also seems possible. Together with H22 which
Structure
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mM protein, 20 mM KH2PO4, 50 mM NaCl, and 0.02% NaN3 (pH 6.0) malized and averaged prior to the fitting of the model, which was
modified to allow for cooperativity of the transition. For the calcula-in 90% H2O, 10% D2O if not otherwise stated. All spectra were
processed using the XWINNMR software (Bruker Biospin GmbH). tion of the redox potential from the equilibration constant, a standard
potential of E0 	 240 mV was used for the GSH/GSSG couple atBackbone resonance assignment was carried out based on side
chain selective 15N-HSQC experiments for A, G, S, and P (Schubert pH 7.0. To account for our different measurements conditions, the
pH dependence of the potentials was taken into account by theet al., 1999, 2000, 2001) and by the three triple-resonance experi-
ment sets, CBCA(CO)NH/CBCANH, HA(CACO)NH/HA(CA)NH, and application of Equation (1) (Wunderlich and Glockshuber, 1993):
HNCO/HN(CA)CO (Grzesiek and Bax, 1992b, 1992a). Side chain res-
E0pH 	 E0  60.2 mV 
 ( pH  7 ). (1)onances were identified using HBHA(CO)NH, H(CCCO)NH-TOCSY,
(H)CC(CO)NH-TOCSY (Montelione et al., 1992) experiments in H2O,
supplemented by HCCH-TOCSY for the aromatic region and HCCH-
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